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Abstract 
The carrier transport and the motion of a vortex system in the electron-doped high-temperature 
superconductors Nd2-xCexCuO4 in underdoped and optimally doped (x = 0135, 0.145, 0.15) regions, in the area 
of the evolution from antiferromagnetic to superconducting order were investigated. To study the anisotropy of 
the transport properties of highly layered NdCeCuO system we have synthesized Nd2-xCexCuO4/SrTiO3 epitaxial 
films of three types with different orientations of the c-axis and conductive CuO2 layers relative to the substrate. 
Such a set of samples allowed us to study the processes of both standard (in the CuO2 layers) and lateral (across 
the CuO2 layers) carrier transfer in the normal and the mixed states of a superconductor. In a flux-flow regime, 
in magnetic field B, the dynamics of Abrikosov (B||c-axis) and Josephson (B||ab-plane) vortices are thoroughly 
investigated and analyzed which is perspective for scientific purposes and for practical applications in 
measurement technology. 
 
Introduction 
Resonators, nano-SQUIDs, voltage standards and energy storage devices based on layered think and thick 
films are increasingly used in measurement technology [1, 2]. The study of transport properties of layered 
epitaxial films of electron doped superconductors in crossed electric and magnetic fields as new objects for use 
in electrical engineering is a necessary part of scientific research. 
From the beginning of the discovery of high-temperature superconductors (HTSC), the Hall effect in these 
compounds has been actively studied. In the mixed state of HTSC, as in conventional type II superconductors 
one, their transport properties in the external magnetic field are determined by the motion of Abrikosov vortices 
[3]. However, unlike isotropic superconductors, HTSC have a strong anisotropy of their properties. This 
anisotropy is caused by a layered crystal structure formed by the conductive CuO2 layers (ab-planes) with spacing 
between them in c-direction. Depending on the applying direction of the external magnetic field there are different 
situations: 
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a. The magnetic field is parallel to the c-axis. In this case, vortices in the superconducting layer distribute 
in a regular triangular lattice as in the conventional superconductors. However, the coherence length along the c-
axis is smaller than the plane spacing, and the description of the flux vortices must be modified to take into 
account the fact that they are localized within the planes. Thus, the result is a stack of “pancakes”[4]. The flux 
line is connected weakly to each other with pancake vortex in each layer. Under the action of the transport current, 
the pancake vortices will move along the ab-planes producing dissipation. Since the density of pancake vortices 
is proportional to B/Bc2, Bc2 being the second critical field, the corresponding flux flow resistivity is also 
proportional to B/Bc2 [5]. Dissipation by flux flow does not begin immediately as the vortices enter type II 
superconductors due to a pinning force opposite to the Lorentz force. Such vortex pinning sites are provided by 
defects in superconductors, which act as energetically favorable sites at which a flux line can fixed [6]. However, 
even if the average pinning force remains stronger than the Lorentz force and flux flow is prevented, there is a 
dissipation caused by thermal fluctuations. One or more flux lines may jump from one pinned configuration to 
another, overcoming the energy barrier by thermal activation, thus the flux creep occurs. 
b. The magnetic field is parallel to conductive ab -planes. In this case, vortices appear to be as in Josephson 
junctions of superconductor/dielectric/superconductor structures because the layered structure of HTSC forms 
internal Josephson junctions [7, 8]. The Josephson vortices, each of which carries a magnetic flux quantum and 
whose center is between the superconducting layers have no normal core and thus do not strongly suppress the 
order parameter in the adjacent superconducting planes [9]. The motion of Josephson vortices in HTSC is quite 
different from that of pancake vortices. Josephson vortices can easily move along the superconducting layers, but 
not perpendicular to them. This is so-called intrinsic pinning of Josephson vortices [8]. For the long Josephson 
junctions in a parallel magnetic field there is a specific magnetic field, the crossover field, at which the vortices 
begin to overlap, forming a triangular lattice of Josephson vortices [9]. The movement of the Josephson lattice 
under the action of transport current leads to the appearance of the flux-flow resistivity. In this situation, the 
intrinsic interlayer pinning is significant [10]. Often such objects are considered theoretically as layered 
superconducting structures with weak Josephson interaction [11]. Moreover, the motion of vortices through 
Josephson barriers was discussed long before the appearance of HTSC [12]. 
c. For fields at intermediate angles, the vortex can be described as a combination of pancake vortices in 
the c-direction (confined within CuO2 layers) connected by Josephson vortices in the ab-plane [13]. 
Experimental investigations of the P.H.Kes group on the conventional superconductors such as amorphous 
Nb3Ge [14] and NbN/Nb3Ge double layer [15] and on hole-doped HTSC Bi2Sr2CaCu2O8 and YBa2Cu3O7 [16] 
have shown that there are some particularities of the vortex dissipation: oscillations and fluctuations [15, 17]. In 
[18] the authors have associated negative anomaly of the Hall effect in YBa2Cu3O7 with the striking sign 
difference between Hall response of vortices that lie parallel to the layers and perpendicular to it. 
For electron-doped HTSCs, the situation is complicated by the fact that antiferromagnetic (AFM) phase 
persists to much higher doping levels than in the hole-doped systems, and thus the underdoped region of the 
superconducting (SC) phase is hidden by AFM ordering and/or by the coexistence of spin density waves with the 
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onset of SC ordering [19]. In recent years an interest on the study of transport properties in n-type cuprates sharply 
increased [19-25] including studies on Nd2−xCexCuO4 films with different orientations [21, 22] and 
Nd2−xCexCuO4±δ ultrathin crystalline films [23-25]. 
In this work, we analyzed carrier transport and the motion of a vortex system in the electron-doped HTSC 
Nd2-xCexCuO4+δ in underdoped and optimally doped (x = 0135, 0.145, 0.15) regions, in the area of the evolution 
from AFM to SC order. We have made the comparison of the processes developing in the conducting CuO2 layers 
and across the layers. 
 
Materials and methods 
For this purpose, we have synthesized by pulsed laser deposition Nd2-xCexCuO4+δ/SrTiO3 epitaxial films 
with optimal oxygen content δ=0 and x = 0.135, 0.145 and 0.15 of three types [26]: 
I - films with standard orientation (001) where the c-axis of the Nd2-xCexCuO4+δ lattice is perpendicular to 
the SrTiO3 substrate plane; to measure the longitudinal ρxxab and Hall ρxyab resistivities in CuO2 layers. 
II- films (1ī0) where the c-axis of the Nd2-xCexCuO4+δ lattice is directed along the long side of the SrTiO3 
substrate; to measure the longitudinal ρxxc resistivity between (across) CuO2 layers. 
III - films (1ī0) where the c-axis of the Nd2-xCexCuO4+δ lattice is directed along the short side of the SrTiO3 
substrate; to measure the Hall resistivity ρxyc between (across) the CuO2 layers. 
In the process of pulsed laser deposition, an excimer KrF laser was used with a wavelength of 248 nm, with 
an energy of 80 mJ/pulse. The energy density at the target surface is 1.5 J/cm2. The pulse duration was 15 ns, the 
repetition rate of pulses was from 5 to 20 Hz. Further, the synthesized films were subjected to heat treatment 
(annealing) under various conditions to obtain samples with a maximum superconducting transition temperature. 
X-ray diffraction analysis (Co-K radiation) showed that all films were of high quality and were single crystal.  
The optimum annealing conditions were as follows: 
- for the composition x = 0.15 (Tconset = 23.5 K, Tc = 22 K) - t = 60 min., T = 7800C, p = 10-5Torr; 
- for the composition x = 0.145 (Tconset = 15.7 K, Tc = 10.7 K) - t = 60 min., T = 6000C, p = 10-5Torr; 
- for the composition x = 0.135 (Tconset = 13.7 K, Tc = 9.6 K) - t = 60 min., T = 6000C, p = 10-5Torr. 
The thickness of the films was d = 140-520 nm. 
For correct measurement using the standard four-probe method, the geometry of the samples was six-
contact Hall bar. In the process of the Hall effect measure in superconductors, there are several measurement 
errors, which in magnitude can be larger than the measured signal: 
a. Misalignment voltage connected with imperfect sample geometry. These voltages are not magnetic field 
dependent and can be compensated by use field reversal to remove by subtraction. 
b. Thermal electric voltage due to temperature effects. These voltages are not current dependent and can be 
compensated by use current reversal to remove by subtraction. 
Thus, four measurements (for two directions of current and voltage) were performed to separate the Hall 
voltage from the misalignment voltage and thermal electric voltage. 
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The temperature and magnetic field dependences of the longitudinal, ρxx(B,T), and Hall, ρxy(B,T), resistivity 
for all the types of Nd2-xCexCuO4+δ/SrTiO3 films were investigated in the Quantum Design PPMS 9 and in the 
solenoid "Oxford Instruments" (Center for Nanotechnologies and Advanced Materials, IFM UrB RAS). The 
electric field was applied parallel to the SrTiO3 substrate plane. The external magnetic field B was directed 
perpendicular to the plane of the SrTiO3 substrate. Depending on the type of films, we were able to measure the 
magnetic field dependences of the resistivity in the conducting CuO2 layers and between (across) layers (along 
the c-axis) in crossed electric and magnetic fields. 
 
Experimental results and discussion 
Flux flow in layered superconductors is a rich and complicated phenomenon. The fundamental difference 
with respect to homogeneous isotropic and anisotropic superconductors is a strong interaction between vortices 
and the crystal structure itself known as “intrinsic pinning”. This introduces new features to the vortex dynamics. 
An important effect specific for layered systems, namely, an interaction of the order parameter with the 
underlying crystalline structure can be considered on the example of vortices, which are aligned parallel to the 
superconducting planes. The interaction with the inhomogeneous layered environment gives rise to the intrinsic 
pinning: the vortex energy becomes dependent on the vortex position with respect to the planes and produces a 
pinning force which tries to keep vortices in between the superconducting layers. 
A schematic image of the investigated samples, showing the location of the layers and the shape of device 
for each type of the film is presented on Fig. 1. 
 
 
Fig. 1.The orientations of conductive CuO2 layers relative to the substrate SrTiO3 for the films of different 
type: I – type films (a); II – type films (b) and III – type films (c). 
In-plane ρxxab(B) ( I – type films, Fig. 1a) and out-of-plane magnetoresistivity ρxxc(B) ( II-type films, Fig. 
1b) with different doping level x=0.135, 0.145, 0.15 and at different temperatures were investigated. Figures 2a, 
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b show the magnetic field dependencies of the in-plane resistivity ρxxab and out-of-plane resistivity ρxxc at the 
temperature T = 4.2K.  
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Figure 2. The magnetic field dependencies of the in-plane resistivity ρxxab(B) (a) and out-of-plane resistivity 
ρxxc (b) for Nd2-xCexCuO4/SrTiO3 films with x=0.135, 0.145, 0.15 and optimal annealing at T=4.2 K. The location 
of the layers and the shape of the sample matches on Figs 1a,b. 
 
Strong anisotropy of the resistivity in the normal state (at B>Bc2) is observed along and across the 
conductive layers: the ratio ρxxc(B)/ρxxab(B) ~ 102 at B = 8T for x=0.15 and  ρxxc(B)/ρxxab(B) ~ 103 at B = 6T for 
x=0.145 and 0.135 (Fig. 2). 
As can be seen, with an insignificant increase of the doping level from x = 0.135 to x = 0.15 leads to decrease 
by an order of magnitude of the in-plane normal state resistivity in the magnetic fields higher that upper critical 
field and by more than two orders of the out-of-plane normal state resistivity. Moreover, the out-of-plane 
resistivity does not disappear even at weak magnetic fields. 
In the mixed state, the behavior of the transverse resistivity from the magnetic field differs from the 
behavior of the resistivity along the conductive layers. In ρxxab(B) dependence (Fig. 2a) there is a pronounced 
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boundary of a transition from the SC (ρ = 0) to the resistive state (ρ ≠ 0) at the vortex-depinning field Bdp. It is a 
field in which the pancake vortices, having normal cores on the layers, start to move along them, perpendicular 
to a transport current, thus producing dissipation. At 𝐵𝐵𝑑𝑑𝑑𝑑 < 𝐵𝐵 < 𝐵𝐵𝑐𝑐2 good agreement was found with the ordinary 
behavior ρxxab(B)~B/𝐵𝐵𝑐𝑐2 [27]. 
On the other hand, for out-of-plane magnetoresistivity, ρxxc, an overcoming of the “intrinsic pinning” of 
Josephson vortices, aligned parallel to the superconducting planes, occurs gradually with the dependence ρxxc(B) 
~ B2 when going into the resistive state (Fig. 2b). 
The theoretical conceptions for dynamics of Josephson vortices in a layered superconductor are developed 
by Koshelev [9]. A field dependence of the flux-flow resistivity 𝜌𝜌𝑓𝑓𝑓𝑓(𝐵𝐵), for the case of dominating in-plane 
dissipation channel is obtained in the form:  
𝜌𝜌𝑓𝑓𝑓𝑓 = 𝐵𝐵2𝐵𝐵2+𝐵𝐵𝜎𝜎2 𝜌𝜌𝑐𝑐            (1) 
with ρc being the flux-flow saturation resistivity along the c-axis,  𝐵𝐵𝜎𝜎 = �𝜎𝜎𝑎𝑎𝑎𝑎𝜎𝜎𝑐𝑐 𝛷𝛷0√2𝜋𝜋𝛾𝛾2𝑠𝑠2 where σab is the in-plane 
quasiparticle conductivity, σc is the c-axis component of conductivity, γ is the anisotropy of London penetration 
depth, s is the interlayer spacing and Φ0 is the magnetic flux quantum.  
Thus, for strong in-plane dissipation the indicated dependence  𝜌𝜌𝑓𝑓𝑓𝑓(𝐵𝐵) should have pronounced upward 
curvature at 𝐵𝐵 < 𝐵𝐵𝜎𝜎    and approaches ρc as the field 𝐵𝐵 → 𝐵𝐵𝜎𝜎, as shown schematically in Fig.1 of Ref. [9]. In 
general, the behavior of ρxxc(B) in the mixed state of our films is in accordance with Eq. (1) (see Fig. 2b). 
Investigation of the Hall effect in the normal and mixed states gives important information about the vortex 
dynamics for high-Tc superconductors. The magnetic field B penetrates into a type-II superconductor by quantum 
vortices [3-5]. The vortex motion along the Lorentz force (perpendicular to the transport current j) generates a 
dissipative field (E||j) and leads to the flux-flow resistivity. On the other hand, the vortex motion along the 
direction of transport current will result in the Hall electric field (EH⊥j, B). Thus, the mixed state Hall effect 
measurement is the useful method to study vortex dynamics in the investigated systems. 
We performed a comparative study of the magnetic field dependencies for the in-plane Hall resistivity 
ρxyab(B) (measured on I – type films) and the Hall resistivity between CuO2 layers ρxyc(B) (measured on III – type 
films). The results for films with x= 0.135, 0.145, 0.15 at T = 4.2 K are presented on Fig. 3. 
When measuring in a standard situation on films of the I-type, we have j||ab, B||c  (see Fig. 1a) and the Hall 
field, EH⊥ (𝒋𝒋, B), lies in the ab-plane, i.e. in mixed state we are dealing with Abrikosov vortices moving in ab-
planes. As in a case of 𝜌𝜌𝑥𝑥𝑥𝑥𝑎𝑎𝑏𝑏, we see a pronounced vortex-depinning field Bdp (𝜌𝜌𝑥𝑥𝑥𝑥𝑎𝑎𝑏𝑏 = 0 for B<Bdp), then a narrow 
region of a mixed state (this region is described in detail in our previous works, see, for example, [22, 28]). For 
the film with optimal doping, we can see a sign change of the Hall resistivity in the mixed state that reflects the 
Fermi surface transformation [22]. 
The in-plane Hall resistivity in normal state has the standard magnetic field dependence ρxyab(B) = RHB,  the 
sign of the Hall  effect is negative for all the three doping levels. By the value of the Hall coefficient, we can 
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estimate the concentration of carriers (electrons) in the normal phase: n = 3.05∙1021 1/cm3(x = 0.135); n = 6.25∙1021 
1/cm3 (x = 0.145); n = 2.16∙1022 1/cm3 (x = 0.15). 
Another situation is in the films of the III – type (see Fig. 1c) : with j||ab, B||ab and j⊥B the Hall field EH⊥(𝒋𝒋, B) drives the motion of carriers across the CuO2 planes, along the c-axis. In the mixed state, it corresponds to 
a flux-flow of Josephson vortices with the intrinsic pinning. For x = 0.135 and x = 0.15 in weak magnetic fields 
there is no region where 𝜌𝜌 = 0, as in the case of ρxxc: there is a maximum on the |ρxvc(B)| in the mixed state, the 
sign of the Hall effect is positive for x =0.135 and negative for x =0.15 (see Fig. 3b). For x =0.145 ρxvc = 0 up to 
𝐵𝐵 ≈ 3𝑇𝑇  and then some peculiarities of a maximum – minimum type is observed with a change in the sign of 
ρxvc(B) (see Figs. 4a and 6a below). 
In the normal state, the Hall resistivity between CuO2 layers is practically independent on magnetic field. 
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Figure 3. The magnetic field dependencies of the Hall resistivity for Nd2-xCexCuO4/SrTiO3 films with 
x=0.135, 0.145, 0.15 at T= 4.2 K: (a) – in-plane Hall resistivity, (b) – Hall resistivity between CuO2 layers. 
 
It was argued [29-31] that in the mixed state of a type II superconductor, because of the difference of the 
chemical potential in a superconducting versus normal state, the vortex cores may become charged. The 
difference 𝛿𝛿𝛿𝛿  between the electron density at the center of the vortex core and that far outside the vortex causes 
the additional (topological) flux-flow contribution to the Hall conductivity  𝜎𝜎ху𝑓𝑓𝑓𝑓 = −𝑒𝑒𝛿𝛿𝛿𝛿/𝐵𝐵. 
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Thus, in a vicinity of the transition from the superconducting to the resistive state the Hall conductivity 
should strive to a large positive or negative value with decreasing field. Such 𝜎𝜎𝑥𝑥𝑥𝑥(𝐵𝐵) dependencies repeatedly 
observed in the mixed state both of p-type oxide superconductors and of Fe-based ones (see [28, 32] and 
references therein). 
In [1, 33, 34] vortex dynamics is considered within the framework of the time dependent Ginzburg-Landau 
(TDGL) model. A modification of the TDGL model is considered which allows to account for the flux- flow Hall 
effect. According to [1, 33, 34], an anomalous contribution into Hall effect in a flux-flow regime due to the 
motion of vortices parallel to the transport current can be represented as 
𝜎𝜎𝑥𝑥𝑥𝑥 = − 𝑒𝑒𝛿𝛿𝛿𝛿/𝐵𝐵 ,  𝛿𝛿𝛿𝛿 = �1𝜆𝜆 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑� Δ2,         (2a) 
where 𝛿𝛿𝛿𝛿 is the “virtual" variation in the electron density caused by the change in the electronic spectrum after 
transition into the superconducting state,  𝜆𝜆, 𝜈𝜈, 𝜇𝜇, and Δ being the penetration length, density of states in the 
normal phase, chemical potential and the order parameter magnitude (superconducting gap), respectively. In a 
superconductor, there is no real electron density change because of the charge neutrality: all the variations are 
compensated by the corresponding variations in the chemical potential. 
The magnitude of  𝛿𝛿𝛿𝛿 can be expressed also via the experimentally accessible quantities [30]: 
𝛿𝛿𝛿𝛿 = −𝐻𝐻𝑐𝑐2
4𝜋𝜋
𝜕𝜕ln 𝑇𝑇𝑐𝑐
𝜕𝜕𝑑𝑑
,           (2b) 
where 𝐻𝐻𝑐𝑐 is the critical magnetic field and 𝑇𝑇𝑐𝑐  is the critical temperature. Thus, the sign of the Hall effect in the 
mixed state depends on the details of the band structure (see also Ref. [35]). 
The dependences of 𝜌𝜌𝑥𝑥𝑥𝑥𝑐𝑐 (𝐵𝐵)~ 𝜎𝜎𝑥𝑥𝑥𝑥(𝐵𝐵)in the mixed state, observed by us (see Fig.3b), can be associated with 
the anomalous vortex contribution into the flux-flow Hall effect with 𝛿𝛿𝛿𝛿 = 𝛿𝛿𝛿𝛿ℎ > 0 for x = 0.135 and 𝛿𝛿𝛿𝛿 =
𝛿𝛿𝛿𝛿𝑒𝑒 < 0 for x= 0.15 in Eq.(2a), 𝛿𝛿𝛿𝛿𝑒𝑒 and 𝛿𝛿𝛿𝛿ℎ being the electron- and hole-like parts of 𝛿𝛿𝛿𝛿. For x = 0.145 it can 
be assumed, that 𝛿𝛿𝛿𝛿 = 𝛿𝛿𝛿𝛿ℎ + 𝛿𝛿𝛿𝛿𝑒𝑒,  here with the electron and the hole contributions cancel each other, 𝛿𝛿𝛿𝛿 ≅ 0, 
at B< 3T and then their existence leads to a nonmonotonic 𝜌𝜌𝑥𝑥𝑥𝑥𝑐𝑐 (𝐵𝐵) dependence with a change in the sign of the 
Hall effect (see Figures 4a and 6a). The sign of 𝜎𝜎𝑥𝑥𝑥𝑥 in the mixed state may be different for a complicated Fermi 
surface which has electron-like and hole-like parts [35]. 
We now carry out a comparative analysis of the magnetic field dependences of the longitudinal and Hall 
resistivity, both of which correspond to the motion of carriers across the CuO2 layers: ρxxc(B), measured on II -
type films, and ρxvc(B), measured on III -type films, for samples with x=0.135 and x=0.145. Figure 4 clearly shows 
that the nonmonotonic ρxvc(B) dependencies are inherent just to the mixed state regions, i.e., as suggested above, 
reflect the dynamics of the Josephson vortices. 
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Figure 4. Magnetic field dependencies of the resistivity and Hall resistivity between CuO2-planes for Nd2-
xCexCuO4+δ/SrTiO3 films with x = 0.145 at T=1.8 K at different temperatures (a) and x=0.135 at different 
temperatures (b). 
 
In the situation when the magnetic field and vortices are aligned parallel to the layers and the transport 
current flows in the plane of layers the Lorentz force will be directed perpendicular to the layers (the z-axis is to 
be along the crystallographic c-direction, the x and y-axes lies in CuO2 layer). The vortex line motion equation 
according to [36, 37] has the form: 
Φ0
𝑐𝑐
𝐽𝐽𝑡𝑡𝑡𝑡(𝜔𝜔) × 𝑧𝑧0 = 𝑉𝑉𝐿𝐿𝐿𝐿(𝜔𝜔)𝑑𝑑𝐿𝐿 𝑥𝑥0 + 𝑉𝑉𝐿𝐿𝐿𝐿(𝜔𝜔)𝑑𝑑𝐿𝐿 𝑦𝑦0,        (3) 
Where 𝑥𝑥0, 𝑦𝑦0, 𝑧𝑧0 are the unit vectors of the coordinate system, 𝑉𝑉𝐿𝐿𝑥𝑥(𝜔𝜔)and 𝑉𝑉𝐿𝐿𝑥𝑥(𝜔𝜔) are components of the 
vortex velocity, µx and µy are the vortex mobility in x and y directions, the left side of the equation is the Lorentz 
force (𝐽𝐽𝑡𝑡𝑡𝑡  being the transport current). Straight Josephson vortices are aligned parallel to the layers in the magnetic 
field parallel to CuO2 planes and begun to move in the direction perpendicular to the layers overcoming their own 
intrinsic pinning (the lateral flux-flow). 
The peculiarities of the ρxvc(B) behavior, observed for Nd2-xCexCuO4+δ/SrTiO3 films with x=0.135 and x = 
0.145 in the flux-flow regime are presented in detail in Fig.4: the ρxvc(B) behavior has a positive maximum in the 
first (data at different temperatures are shown) and ρxvc(B)has a double sign change in the second one (data on a 
larger scale are shown). The specific form of the ρxvc(B) curves may be associated with the dependences of the 
𝛿𝛿𝛿𝛿 in Eq.(2a) on B and T. 
A normalized charge density at the vortex center, 𝛿𝛿𝛿𝛿/𝛿𝛿, as a function of magnetic field at different values 
of T/Tc was calculated in [40]. The field dependence of the charge density at the core center is well described by 
10 
 
𝐵𝐵(𝐵𝐵𝑐𝑐2 − 𝐵𝐵) with a peak near  𝐵𝐵𝑐𝑐2/2 originating from competition between the increasing magnetic field and the 
decreasing pair potential. Herewith, maximum 𝛿𝛿𝛿𝛿/𝛿𝛿 value significantly depends on the temperature (see Fig. 3 
in [40] for T/Tc = 0.2 and T/Tc= 0.5), which corresponds to the effect observed by us (see Fig.4b). 
Analyzing the field dependence of the Hall resistivity between CuO2 layers at different temperatures for x 
= 0.145; 0.135, we saw exponential increase of the Hall resistivity between CuO2 layers at T = 1.8 K and in the 
range of the magnetic field B = (2.5 – 4.4) T for the first compound and power dependence of the Hall resistivity 
between CuO2 layers at low temperatures and at low magnetic fields ρxyc ~ Bβ for the second one (Figure 5). At 
the temperature T = 1.86 K in magnetic fields B = (0.14 – 0.62) T index β is equal β = 0.8, in the range of the 
magnetic field B = (0.62 – 1.84) T index β changes to β = 1.4; at the temperature T = 4.2 K in the range B = (0.13 
– 1.1) T index β is always β = 0.8, at the temperature T = 5 K in the range B = (0.1 – 0.7) T is getting smaller up 
to β = 0.6 and at T = 7 K and upper we cannot see any power dependencies of the Hall resistivity between CuO2 
layers. 
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Figure 5. Exponential increase of the Hall resistivity between CuO2 layers in the range of the magnetic field 
B = (2.5 – 4.4) T for Nd2-xCexCuO4+δ/SrTiO3 films with x=0.145 at T = 1.8 K (a); Power dependence ρxyc(B) for 
Nd2-xCexCuO4+δ/SrTiO3 films with x=0.135 at different temperatures - log-log plot (b). 
 
The increase of the magnetic field causes the growth of the vortices number with the orientation of the 
magnetic moment along the magnetic field and, as a result, the decrease of the vortex-antivortex interaction [38, 
39]. We see a change in the index on the power law of the Hall resistivity curves between the CuO2 layers from 
β = 0.8 to β = 1.4 at magnetic field B= 0.62T and temperature T = 1.86 K. The fitting parameters of the magnetic 
field Hall resistivity power dependencies were determined (Figure 6b). The change of the power law index of the 
Hall resistivity curves between the CuO2 layers may indicate the Berezinskii-Kosterlitz-Thouless (BKT) 
transition that manifested in two-dimensional systems [38, 39]. An important component of the study of the 
magnetic and temperature dependences of the resistivity and Hall resistance is the question of the possibility of 
identifying the BKT transition in two-dimensional NdCeCuO films depending on the orientation of the external 
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magnetic field with respect to the conductive layers of CuO2. Some efforts in this direction were made on NbN 
films in the study of current – voltage characteristics [41]. 
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Figure 6. Magnetic field dependence of the Hall resistivity between CuO2 layers for Nd2-
xCexCuO4+δ/SrTiO3 films with x=0.145 (a); 0.135 (b) at T = 1.86 K: experimental data and fitting. 
 
More complicated magnetic field dependence of the Hall resistivity between CuO2 layers for Nd2-
xCexCuO4/SrTiO3 films with x=0.145 were found (Figure 5a and 6a). We can see double sign change of the Hall 
resistivity value ρxyc in the mixed state at B = (2.5 – 6.5) T. The increase of the magnetic field from B = 2.5 T 
leads to the exponential dependence of ρxyc due to increase of the number of the vortexes that appear parallel to 
CuO2 layers and begin to move between these planes. The change of the Hall resistivity sign of ρxyc can testify 
the existence of the vortexes with the core of the second type of carriers. The presence of the Fermi surface areas 
of two types of carriers corresponds to this Nd2-xCexCuO4 compound with x = 0.145. 
 
Conclusion 
Thus, the magnetic field dependences of both in-plane and out-of-plane longitudinal, 𝜌𝜌𝑥𝑥𝑥𝑥, and Hall, 𝜌𝜌𝑥𝑥𝑥𝑥, 
resistivities in underdoped (x= 0.135 and 0.145) and optimally doped (x= 0.15) n-type layered superconductor 
Nd2–xCexCuO4 were investigated. The measurements were carried out on Nd2-xCexCuO4/SrTiO3 epitaxial films 
with different orientations of the c-axis and the ab–planes relative to the substrate in order to make a comparative 
analysis of the processes developing in the conducting CuO2 layers and across them. The peculiar properties of 
𝜌𝜌𝑥𝑥𝑥𝑥(𝐵𝐵) and 𝜌𝜌𝑥𝑥𝑥𝑥(𝐵𝐵) behavior in the mixed (resistive) state are associated with the lateral motion of the vortex 
system in crossed electric and magnetic fields. 
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